To study the properties of the symmetrical pseudoscalar meson theoretical potentials in nuclei, we apply them to Li6 that is expected ro disclose the properties of two-body forces in nuclei as directly as possible and investigate how favourable these potentials are to the static properties of Li6• The potentials between two nucleons are divided into two regions at 0.6 times the meson Compton wave length. The outside potentials are derived from the symmetrical pseudoscalar meson theory, while the inside potentials are determined from nucleon-nucleon scattering experiments phenomenologically. The excitation energies of the levels and the nuclear moments are calculated according to the intermediate coupling method. The meson theoretical potentials are very favourable to Li6 without any modification, though the contribution from the potentials of the inside region is large. The order and spacing of the levels and spins are reproduced correctly up to the 3rd excited state. The corresponding spin-orbit coupling strength is large, namely, -8--12 Mev, and can also explain the nuclear moments in the same region, so it is rather close to the jj-coupling limit than the LS-coupling limit. The tensor force does not affect the results essentially. § 1. Introduction
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Meson theory of nuclear forces has developed on a large scale recently. On the one hand, field theoretical nuclear force between two nucleons derived from symmetrical pseudoscalar meson theory seems to have been determined almost definitely if the distance between two nucleons is larger than 0.6 X fij p.c, fl/ p.c= 1.40 X [10] [11] [12] [13] em being the meson Compton wave length, because improvement in approximation methods has made it possible to take various effects into account. 1 l 2 l 3 J4l On the other hand, the nuclear force thus derived has succeeded in reproducing nucleon-nucleon scattering features at both low and intermediate energy regions including deuteron parameters. 5 l 6 l At the present stage of the theoretical development, it would be significant to analyse properties of nuclei using the nuclear force thus derived. Our aim is to find to what extent it is modified in nuclei phenomenologically. We assume that the field theoretical twobody force would serve as a standard in nuclei also, because we do not know nuclear forces in each nucleus meson theoretically. Brueckner, Levinson and Mahmoud have also applied the same nuclear force to the nuclear saturation problem and got very interesting results, though their formalism must be criticized for some points, for instance, its omission of the surface effect. 7 l It would be possible in future, to treat the various properties of nuclei from unified and meson theoretical point of view. However, at the present stage, care should be taken in the choice and treatment of nuclei, if we want to keep as unified point of view as possible and demand the results thus obtained to be significant.
Our object of analysis is Li 6 , as it is expected to disclose the properties of the twobody force in nuclei more directly than the other nuclei. Namely, it can be regarded as consisting of tightly bound He 4 -core surrounded by one proton and one neutron. Experimental data also show its deuteron-like properties.Rl Moreover, as the number of nucleon is not so large, complicated effects due to the presence of many nucleons are expected to be less important in Li 6 than in the other nuclei consisting of closed shells plus two nucleons. § 2. Subject for consideration
Many works on Li 6 have been done from various points of view. They are roughly divided into two groups. One is formulated by taking into account the two-body interactions between all possible pairs taken from six nucleons that construct Li 6 • 9 JIOJ The other leaves the He 4 -core untouched and considers the interactions between two lp-shell nucleons and between the core and the lp-shell nucleons.u>,I 2 J,ISJ,l 4 l Works belonging to the former group aim mainly to calculate the binding energy 10 l and to derive the spin-orbit coupling from non-central forces. 9 > Some of them also calculate the level spacing and nuclear moments. According to this method the binding energy can be roughly fitted to the experiment, if suitable phenomenological potentials of Feshbach-Schwinger type 15 l including tensor force are adopted and a suitable radial dependence of the wave function is assumed. 10 l However, agreement of the other physical quantities with experimental data is not satisfactory. Works belonging to the latter group intend to investigate the level properties and spacing and nuclear moments. As to the two-body potentials adopted so far in these works, some are central potentials only and some include tensor force or even two-body spin-orbit force. Most of them are adjusted so as to fit the low energy scattering data in even states,* while in odd states some are same with even states potentials and some satisfy the conditions for nuclear saturation derived by the variational method. As to the strength of the spin-orbit coupling, various values from LS-to jj-coupling limit are assumed. However, none can explain all experimental data concerning the physical quantities· :Jf Li 6 consistently.
Inglis 12 l calculated the energy levels by intermediate coupling method assuming the phenomenological central potential satisfying the saturation condition between two 1 p-shell nucleons, and determined the spin-orbit coupling parameter and the matrix elements of the exchange integrals, fitting up to the 2nd excited state of Li 6 • According to his result, Li 6 is very close to LS-coupling limit. Regge 13 J took into account the tensor force of Feshbach· Schwinger type and corrected the result of Inglis. According to his result tensor force affects the results rather worse as the trend, though the available region of the strength of the spin-orbit coupling becomes wider.
Similar works were published by many other authors. On the other hand, Hitchcock 14 J used a potential which includes the tensor force
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and fits with the low energy data in the even states, the odd states potential being the same with the even states, and calculated the level ordering and spacing in jj-coupling limit. According to his result, the level spacings are smaller than the experimental values, but the level ordering is consistent up to the 3rd excited state and the tensor force is very important for it. We take in this paper the method of the latter group, because according to this method, one can easily find how favourable potentials are to explain the Li 6 data, as is clear above.
According to the shell model, spin-orbit coupling exists in almost all nuclei. However, it is not clarified from what this phenomenological spin-orbit coupling comes. Some attempts have been made to derive it from tensor forces or from the spin-orbit force between two nucleons introduced by Case and Pais 16 > to explain high energy nucleon-nucleon scatterings, but they have been attended with unsatisfactory results. We assume in this paper that this spin-orbit coupling, a 1· s, is a consequent effect due to all or some of many body forces between lp-shell nucleon and 1s-shell nucleons, other effects owing to the presence of many nucleons, tensor forces and unknown interactions when the nucleons come very close together. So that we treat the spin-orbit coupling strength a, as a parameter.
It is generally considered that, as the mean potential acting on nucleon in light nuclei, the harmonic oscillator potential is quite good. 17 llBl In practice, of course, this mean potential may damp to zero outside the nuclei, but for the simplicity of the calculation, it is not cut off. Usually, the range, 1/ .VIJ, of the wave function of this potential is determined by the Coulomb energy difference 17 > or nuclear radius, 18 > but we tried with various values of 1 j .VIJ, as there are no definite methods to determine it.
The successful development of the meson theory of nuclear forces is owing to a guiding principle which is reasonable physically. It was first proposed by Taketani and others 19 l and applied in many works. 20 > That is, when two nucleons come close together, many complicated effects become very important, for instance, effects due to the sixth and higher order terms with respect to the coupling constant ff/47r between nucleon and 7r-meson, non-adiabatic terms, multiple scattering, presence of heavy meson etc. Although these effects are estirrated to be large when the inter-nucleon distance is smaller than 0.6Xftjp.c 1 >, nothing quantitative can be said definitely. Therefore, we replace phenomenological potentials for the unreliable meson potentials when two nucleons are nearer than 0.6 X 1ij p.c. These phenomenological potentials should be adjusted in such a way that they can explain the phenomena in question and may well be changed for another phenomena. According to this principle, it can be shown that the application of meson theory of nuclear forces to the nucleon-nucleon scattering should be limited up to the incident nucleon energy of 100 Mev in the laboratory system 22 > and actually the meson theoretical nuclear force has succeeded to explain the nucleon-nucleon scattering up to 100 Mev. 1 >a)&)sJ The special features of the symmetrical pseudoscalar meson theoretical potentials in comparison with phenomenological ones are mainly as follows : they have very strong tensor force in the triplet even state, they are not Serber type though the interactions in the odd states are rather weak, they do not satisfy the conditions for nuclear saturation given by the variational method, they do not predict strong two-body spin-orbit force, they demand a strong repubve interaction when the two nucleons come very close together, at least in the even states. regard it significant to divide the inter-nucleon distance into two parts at the point on analysing Li 6 data as well as nucleon-nucleon scattering, though the situation more complicated in nuclei.
Thus, we
0.6Xnjp.c might be
Therefore, problems to be treated here are classified as follows : 1) Which region of two-nucleon potentials is more important, the outer region or inner one, to give the order and spacing of levels of Li 6 ? 2) If the contribution from the outer region is more important, how favourable the meson theoretical potential shape, exchange character, coupling constant g 2 / 41C and so on are to the features of Li 6 ? 3) If the contribution from the inner region is more important, can all data about Li 6 be reproduced by an appropriate choice of phenomenological inside potentials ? How much they are different from those predicted from nucleon-nucleon scattering ?
4) What results are obtained about the magnetic moment,. p., and the quadrupole moment, Q? 5) Problems (1), (2) and (3) predict the spin-orbit coupling strength a, while problem ( 4) also restricts a. Are these two a's consistent each other ? Can we infer something about the nature of the spin-orbit coupling by investigating the effect due to the presence of tensor force ? Does the range, 1/ 'V"!J, of the wave function not contradict with other experimental data?
Results obtained for problems (1), (2) and (3), and for a part of the problem (5) are discussed in Sec. 4 and 5. Results for problem (4) and for the rest of the problem (5) are di1cusse.:l in Sec. 6. § 3. Method of calculation, potentials and experimental results
We consider the level spacing and spin and isotopic spin of each level in this paper, so that we leave the 1s-core untouched. Hence, we treat the correlation between two nucleons in the 1 p-shell and the spin-orbit coupling as a perturbation, and then calculate the excitation energies according to Inglis' intermediate coupling method. 12 J The investigation of the matrix elements is performed by Talmi's method.l7J
The wave function of a nucleon of the unperturbed system is given by the 1 p-state wave function of the harmonic oscillator :
where, as the range 1/ -V!J of the wave function, we adopted values 1.8, 2.4, and 3.0 X 10-13 em, of which 2.4 X 10-13 em is the value that is determined from Coulomb energy difference of Li 7 -Be 7 .17J
The energy of the perturbation is composed of the meson potentials and the spin-orbit coupling, so that we get the energies as a function of the strength a of spin-orbit coupling resolving the secular equations for these energies. In this paper, the term " meson theoretical potentials " means the symmetrical pseudoscalar potentials of the 2nd plus 4th order in the static approximation 1 l 2 J which is corrected by non-adiabatic terms derived by Brueckner-Watson 3 l in the triplet even state. Potentials which have been derived by Fukuda, Sawada and Taketani taking the dissociation probability of nucleon properly into account 4 l is expected to be very close to the ones adopted here. As has been stated in Sec. 2, we divide these potentials into outer region and inner region at 0.6 X fij p.c. For the simplicity of calculation, we approximate the outside potentials by the superposition of two square well potentials of range 1.0 and 2.0 X fi / p.c.
As we shall find later, this approximation does scarcely affect the results. The coupling constant is chosen so as to give the two-body data, namely g 2 j4:n:---..0.08 in the pseudovector coupling and G'j4:n:--18 in the equivalent pseudoscalar coupling. The depths of these potentials are tabulated in Table I and II. The figures in these Tables for the triplet even states have already been used, as an approximation to the meson theoretical potential for the analysis of deuteron problem and n-p scattering at intermediate energy. 6 J The phenomenological potentials of the even states in Table I are determined from low energy nucleon-nucleon scattering, while those of the odd states are not so certain. However the latter scarcely affects the results, as will be discussed later. As the first step, to find the effects of the outside potentials that are derived from the meson theory, we put all the inside phenomenological potentials to be zero and estimate the excitation energies. As the next step, we take into consideration the inner part of the potentials. At this time, we assume the interactions, which is of the repulsive nature when the nucleons approach inner than 0.3-0.4 X nj ,uc, to be active only to push out the wave function outward, so we cut off the wave function of these region and renormalize it in the outer region. The effect of this renormalization, however, is negligibly small as it is of the order of 1/100 at best. Such prescription is not strict mathematically. The excitation energies, spins and isotopic spins of the levels of Li 6 are given in Fig. 1 . In these experimental data, the data up to the 2nd excited state are already known well/ 2 J but the spin of the 1st excited state is not conceivable. The data of the 3rd excited state are not published as far as we know and the data of Fig. 1 is the one referred in Regge' s paper 13 l communicated from S. Nilssen 23 J to him. This level probably corresponds to the 1st excited state of He. 6 The experimental values of the magnetic moment and the quadrupole moment of Li 6 are 0.8219 nuclear magneton and J < 0.001Jb respectively. 24 respectively. From these results, we can find that tensor forces are essential to give the ground state spin 1. It is natural as the tensor forces are stronger than the central forces.
In the LS·coupling limit, the value of 1/ .Vv giving the ground state spin 1 m~st be larger than 2.0 X 10-13 em and for 1/ .Vv = 1.8 X 10-13 em there is no corresponding region. For 1/ .Vv =2.4 and 3.0 X 10-13 em such region of a is restricted to be very close to LS-coupling limit, where, however, the spins of the 1st and the 2nd excited states are reversed compared with the experimental data. So it is quite far from reproducing experimental data well.
Thus, it may be rather better that 1/ .Vv is equal to 2.4 X 10-13 em or somewhat larger. The reasons why the order of levels is not reproduced should be that the potential of the Heisenberg exchange type is large and positive, which pushes the 3 S 1 state higher than 1 S state. .
The outside central potential on! y. The results of the calculation including the inside potentials discussed in Sec. 3 are given in Figs. 5, 6 and 7, and summarized as follows; i) Comparing with the Figs. 2, 3 and 4, we find that the inner region of potentials has large contribution. However, the main contributiQns to lower several levels come mainly from the even states potentials. The inside potentials for the even states are determined by the low energy nucleon-nucleon scattering experiment with little ambiguity, while those of the odd states contribute little to the results for the levels we are interested in.
ii) Thus, the results do not change so much, if we make the approximation to the outside potentials better.
iii) When we take into account the effect of the inner region, the spacings and order of levels are changed considerably, and spacings become larger than the outer region only. This effect is the larger when lf..VIJ is the smaller. iv) Our results are very favourable to the experimental data of Li 6 • Spins and spacings up to the 2nd excited state are given correctly. The corresponding strength a of the spinorbit coupling is, on the contrary to the results up to date, close to the jj-coupling limit, namely, the region of a is from -8 Mev to -12 Mev. For the 3rd excited state, spin and spacing is right and reasonable in the same region of a. v) The meson theoretical potentials, especially of the even states including both the outer and inner region can thus explain lower few levels of Li 6 very well without any modification. This fact can probably be interpreted to reflect the deuteron-like properties of Li 6 • vi) The tensor force is not so essential to this results, because the effect of the attractive part of outer region and the effect of the repulsive part of inner region in the even state cancel each other.
vii) The results do not exclude the possibility that the spin-orbit coupling in nuclei comes partly from tensor forces between two nucleons, because the fact that tensor forces do not affect the level spacing etc. and the fact that a fairly strong spin-orbit coupling of the order -10 Mev is obtained do not contradict each other.
viii) The range 11 .V""""iJ of the wave function is consistent with 2.4 X 10-13 cm derived from Coulomb energy difference of Le-Be 7 • For the change of 11 .VII, the level order and spacing does not change seriously in the region of 2.4-3.0 X 10-13 cm.
For the smaller 1 I .VY, the contribution from the inside potentials is the more important. § 6. Magnetic moment and quadrupole moment
The wave function of the ground ~tate can be written as follows :
where
The coefficients C 0 , C1 and C2 are expressed as functions of spin-orbit coupling strength a, where the value LJE for the ground state is needed. They are plotted in Fig. 8 If we neglect the contributions from exchange currents the magnetic moment p. is given by the next formula 25 >, since the spin of the ground state is 1 : where g,. and gP are the g-factors for neutron and proton respectively. From equations (2) and (3) 
o < /C2 / 2 < 0.098, also from eq. (3)
From these figures we see that the region of a which satisfies the equations (4) is -10.5 <a< -8.5 Mev (6) and the value of a which agrees with p=0.821 nuclear magneton is, using (5) a=-9.5 Mev.
Thus the region of a which can account for the experimental value of p, ( 6) and (7), agrees well with the region of a which gives the correct level spacing discussed in Sec. 5, i.e. -8--12 Mev. The quadrupole moment Q of Li 6 is given by If C's given in Fig. 8 are used, Q depends very strongly on a in the region in which we are interested, as shown in Fig. 9 and is also sensitive to the range of the wave function through 1jv. Therefore Q is much changed by a small variation of a and 1/.V--;-. So it may be inadequate to determine a from Q and to discu£s about it quantitatively. Qualitatively, the region Ia I ;S 8.5 Mev satisfies the experimental value of IQI < 0.001 b.
(see Fig. 9 .) The sign of Q obtained here is negative.
From the discussions above, we can see that the strength a obtained from the level spacing and level properties on the one hand, and that obtained from the magnetic moment and the quadrupole moment on the other, are consistent each other. § 7.
Conclusions
The symmetrical pseudoscalar meson theoretical potentials between two nucleons including the phenomenological inside ones are consistent with the energy levels and nuclear moments of Li 6 and are very favourable qualitatively without any modification. It might correspond to the experimental facts that Li 6 has deuteron-like properties. However, it will be premature to say that the interaction between two nucleons in nuclei is the same as that when the two nucleons are free, since the phenomenological potentials inside 0.6 X 1ij pc affect the results. As the results are hardly changed whether the tensor forces are considered or not, the large spin-orbit coupling parameter a has the possibility to include tensor force effects.
According to our results, the energy levels and nuclear moments of Li 6 can, contrary to the results obtained so far, be explained by adopting the large strength a of the spinorbit coupling, i.e. about -9.5 Mev. The third excited level which can not be explained by phenomenological potentials proposed so far, can be well reproduced. Hence it would be much better to think Li 6 to be near the jj-coupling limit rather than LS-coupling limit as has usually been believed.
The average nuclear potential in which the individual nucleon moves is generally considered to be nearly harmonic oscillator type as far as light nuclei are concerned, but actually it will damp into zero outside the nuclear radius. So it may not be a very good approximation to use the harmonic oscillator wave functions. The perturbation method· may not be quite reliable. The range of the wave function 1/-Y'l' obtained here, .2.4 X [10] [11] [12] [13] em, is however, quite in agreement with that obtained from the Li 7 -Be 7 Coulomb energy difference. It will also necessary to study about the binding energy.
According to the shell model the procedure adopted here is valid also for Nl- 4 if the sign of a is reversed. But we feel the results thus obtained to be very doubtful. If only one were to imagine the presence of many body forces in nuclei, the situation when ten nucleons exist in lp-subshell will be much different from that when two nucleons do. Effects due to the presence of many nucleons may be more complicated, for example the configurational mixing will become important for such a many particle configuration. If all these circumstances are neglected fictitiously, the meson theoretical potentials can reproduce the ground state of N 14 • The level spacing of the 1st and the 2nd excited levels, 2.32 Mev, and 3.9 Mev can also be explained with tj-.1--;i" -3.0 X 10-13 cm and a--several Mev as can be seen from Fig. 7-2 , though their spins are unknown.
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